During apoptosis and under conditions of cellular stress, several signaling pathways promote inhibition of cap-dependent translation while allowing continued translation of specific messenger RNAs encoding regulatory and stress-response proteins. We report here that the apoptotic regulator Reaper inhibits protein synthesis by binding directly to the 40S ribosomal subunit. This interaction does not affect either ribosomal association of initiation factors or formation of 43S or 48S complexes. Rather, it interferes with late initiation events upstream of 60S subunit joining, apparently modulating start-codon recognition during scanning. CrPV IRES-driven translation, involving direct ribosomal recruitment to the start site, is relatively insensitive to Reaper. Thus, Reaper is the first known cellular ribosomal binding factor with the potential to allow selective translation of mRNAs initiating at alternative start codons or from certain IRES elements. This function of Reaper may modulate gene expression programs to affect cell fate.
Rapid changes in cellular gene expression are often brought about by regulation at the level of protein synthesis from existing mRNA transcripts. Such alterations are particularly important under conditions of cellular stress and apoptosis, and during certain stages of mitosis 1 . Cellular stresses such as viral infection or nutrient deprivation lead to an almost immediate shutdown of general translation accompanied by cleavage or covalent modification of one or more of the eukaryotic initiation factors (eIFs) [2] [3] [4] [5] . However, this attenuation of translation is typically accompanied by a selective increase in the translation of specific regulatory proteins [6] [7] [8] [9] whose sustained expression can affect cell fate 1, 10 . How particular mRNAs are selectively translated during periods of global translation inhibition is not well understood.
Translation of the vast majority of cellular mRNAs is initiated via recruitment of the small (40S) ribosomal subunit to the m 7 G cap at the 5¢ end of the mRNA. The 40S subunit is thought to scan linearly along the mRNA until it engages the first AUG codon located within the proper context 11 . The interaction between the 40S subunit and the mRNA and the subsequent translation initiation steps are chaperoned by eIF regulatory proteins 1, 2, [5] [6] [7] . In canonical capdependent translation, initiation factors have many roles: they prevent premature subunit association, recruit the initiator transfer RNA to the 40S subunit to form a 43S complex, recruit the 43S complex to the mRNA, unwind the mRNA during ribosomal scanning and facilitate correct start-codon recognition [12] [13] [14] [15] [16] . When the function of particular initiation factors is compromised by cellular stressors, cap-dependent mRNAs are incapable of sustaining protein synthesis 5, 17 .
The ability of specific mRNAs to be translated in a cap-independent manner relies primarily on their ability to directly bind the ribosome and position it at the start codon. This can be accomplished through internal ribosomal entry site (IRES) sequences in the mRNA, which, by directly recruiting the ribosome, bypass requirements for compromised initiation factors 7, 12 . Therefore, depending on the mechanism of translation suppression, the expression from certain IRESs can be maintained under conditions in which protein expression from cap-dependent mRNAs is inhibited 18 .
A number of regulatory proteins have been identified that promote initiation from IRESs, but their mechanism of action is not currently known [19] [20] [21] [22] . Other proteins, such as the ribosome inhibitory proteins (RIPs), directly bind the ribosome and irreversibly cleave ribosomal RNA, leading to inhibition of all translation 23 . Thus far, no cellular regulatory protein able to directly bind the ribosome and lead to the selective expression of specific cap-independent messages has been reported.
We and others have shown previously that Reaper, a potent apoptotic inducer, can inhibit general protein synthesis [24] [25] [26] [27] . This inhibition of protein synthesis is not the result of its proapoptotic activity, as it is a genetically separable function of Reaper that does not require activation of the apoptotic program through caspase activation 26 . Thus, we set out to determine how Reaper protein can inhibit protein translation.
We demonstrate here that Drosophila melanogaster Reaper binds directly and specifically to the 40S subunit of the eukaryotic ribosome. This interaction does not affect early initiation events such as 43S or 48S complex formation. It acts after 48S assembly but before 60S subunit joining. Notably, Reaper's mechanism of translation inhibition gives rise to differential inhibition of certain mRNAs. Reaper inhibits cap-dependent translation almost completely under conditions that still allow substantial cap-independent translation mediated by the CrPV IRES. Our results provide compelling evidence for a novel mechanism of translation regulation, wherein a protein regulator directly binds the 40S subunit to modulate translation initiation. This regulation has the potential to alter cell fate by rapidly changing the profile of proteins expressed.
RESULTS

Reaper binds the ribosome
As reported previously, synthetic peptides encoding either the full-length, 65-residue Reaper protein or Reaper lacking its first 15 residues (Reaper 16-65) inhibit general translation upon addition to rabbit reticulocyte lysate (RRL) or Xenopus laevis egg extract translation systems 26 . To determine the molecular mechanism by which Reaper modulates protein translation, we wished to identify factors required for this inhibition in the RRL 28, 29 . Given the absence of any obvious catalytic domains in Reaper, we reasoned that Reaper might bind directly to translational regulators, and we therefore set out to determine whether RRL depleted of Reaper-interacting factors could retain the ability to translate. For this purpose, the fragment containing residues 16-65 of Reaper (Reaper ) was synthesized as an N-terminally biotinylated peptide. The Reaper peptide was then coupled to streptavidin sepharose and incubated with RRL containing endogenous mRNAs. Protein-bound beads were retrieved by centrifugation, and the RRL depleted of Reaper-bound factors was assayed for its ability to support protein translation of endogenous mRNAs. Depletion of Reaper-bound factors markedly compromised the translational activity of the RRL (Fig. 1a) . These data suggest that Reaper might interact physically with an essential component of the translation machinery.
To determine which translational components might be relevant to Reaper's inhibitory activity, we fractionated RRL by centrifugation and determined whether the resulting supernatant, containing the bulk of the initiation factors, or the pellet, containing ribosomes, could restore translation to the RRL depleted of Reaper-interacting factors (Fig. 1b) 28, 29 . To our surprise, we found that the ribosome-containing fraction was able to complement the depleted extracts. Furthermore, washing of the ribosomes with 0.5 M KCl to remove associated factors did not compromise the ability of the ribosomal fraction to restore translation (Fig. 1c) . The ribosomal fraction was unable to enhance translation of the control extracts depleted with glutathione S-transferase (GST) protein, which ruled out the possibility that complementation of the depleted extracts resulted from simple addition of active ribosomes ( Supplementary Fig. 1 online) . Together, these data suggest that Reaper inhibited translation through effects on the ribosomes.
To address more directly the ability of Reaper to interact with the ribosome, we analyzed a number of Reaper-bound factors identified by SDS-PAGE using MS. These analyses revealed that Reaper associated with an array of core ribosomal proteins in RRL, Xenopus egg extracts and Drosophila embryonic extracts (data not shown). To confirm further Reaper's interaction with the ribosome, biotinylated Reaper pull-downs from RRL and Drosophila embryonic extracts were phenol-extracted and the resulting material was resolved on agarose gels. Biotinylated Reaper, but not control biotinylated GST protein, was able to retrieve both the 18S and 28S rRNAs from RRL and Drosophila embryonic extracts (Fig. 2a) . Moreover, immunoblotting of Reaper-bound material for a representative ribosomal protein revealed that Reaper bound sufficiently tightly to ribosomes to retrieve them efficiently from extracts even under stringent washing conditions (Fig. 2b) . This ability of Reaper to interact with ribosomes was specific to eukaryotic ribosomes; Reaper was unable to bind prokaryotic ribosomes, but interacted well with eukaryotic ribosomes from RRL, Xenopus egg extracts and Drosophila embryonic extracts (Fig. 2a and data not shown).
Reaper binds specifically to the 40S subunit To characterize further the interaction between Reaper and the eukaryotic ribosome, we purified 40S and 60S ribosomal subunits from HeLa cells by high-salt sucrose-gradient centrifugation to yield highly pure, dissociated ribosomal subunits. These subunits are devoid of loosely associated proteins such as initiation and elongation factors, and they contain only the ribosomal core (rRNA and tightly bound ribosomal proteins) 30 . Biotinylated Reaper was incubated with the purified subunits and stringently washed, and the bound material was then resolved on denaturing agarose gels. We observed that Reaper associated with single 80S ribosomes (monosomes), consistent with our previous data (Fig. 2c) . Furthermore, Reaper interacted tightly with the purified 40S ribosomal subunit, but not with the isolated 60S ribosomal subunit (Fig. 2d) . Stringent high-salt washing conditions (0.5 M KCl) known to cause 40S-60S dissociation 31 did not affect 40S-Reaper interaction (Fig. 2d) . These observations underscore the strength and specificity of the Reaper-40S subunit interaction. Furthermore, our data suggest that Reaper-40S subunit association does not directly inhibit factor-independent subunit joining, as 80S monosomes were capable of forming in the presence of Reaper (Fig. 2c) . The tight association between Reaper and the 40S subunit was further corroborated by sucrose-gradient centrifugation of either RRL supplemented with Reaper or isolated 40S and 60S subunits supplemented with Reaper. In both cases, Reaper cosedimented with the 40S subunit (data not shown). Together, our data show that Reaper directly binds ribosomes by interacting with the 40S ribosomal core.
Reaper inhibits translation initiation
The inhibitory activity that Reaper induces upon binding the 40S subunit could be exerted at the level of either initiation or elongation.
To distinguish between these two possibilities, ribosomal species from control RRL or RRL supplemented with Reaper were resolved by sucrose-gradient centrifugation ( Fig. 3 and Supplementary Fig. 2 online). These analyses revealed that addition of Reaper resulted in an accumulation of 80S monosomes and a decrease in the number of engaged translating ribosomes (polysome runoff) ( Fig. 3b and Supplementary Figs. 2 and 3 online). These findings are consistent with a severe reduction in translation initiation.
Reaper does not affect 43S or 48S complex formation
To identify the stage at which Reaper inhibits translation initiation, we assessed whether Reaper affects early initiation events such as formation of the 43S complex. According to current models of initiation, 43S complex formation involves interaction of the eIF3 protein complex with the 'naked' 40S subunit. To determine whether Reaper affects the interaction of eIF3 with the 40S subunit, functional eIF3 complex was purified from HeLa cell cytoplasmic extracts and allowed to interact with purified 40S subunits in the presence or absence of purified Reaper. eIF3-40S complex formation was then assayed by resolving the complex on nondenaturing agarose gels. Reaper did not affect the eIF3-induced gel shift of the 40S subunits ( Fig. 4a) , suggesting that it does not disrupt formation of the eIF3-40S complex by interacting with the 40S ribosomal subunit. eIF3-40S complex formation in the presence of Reaper was also assayed by sucrosegradient centrifugation of the complex followed by immunoblotting of ribosomal fractions for the presence of eIF3. These assays also demonstrated that Reaper did not affect the association between eIF3 and the 40S ribosomal subunit (data not shown).
Another core component of the 43S complex is eIF2. Phosphorylation of the eIF2 regulatory subunit, eIF2a, is a common regulatory mechanism activated by cells in response to a variety of different stresses 32 . However, Reaper did not promote increased eIF2a phosphorylation, as determined by isoelectric focusing and immunoblotting using antibodies directed against eIF2a ( Fig. 4b and Supplementary Fig. 4 online). These data were verified by immunoblotting using antibodies directed against phospho-eIF2a (data not shown and Supplementary Fig. 4 ).
To assess further potential effects of Reaper on 43S complex formation, we examined binding of the eIF2-GTP-Met-tRNA initiator ternary complex (TC) to the 40S subunit. The ribosomal species in translating RRL were resolved by sucrose-gradient centrifugation, and the fraction containing the 40S subunit was probed for the presence of eIF2 by immunoblotting. Reaper did not reduce the amount of eIF2 associated with 40S ribosomal subunits, which suggests that it did not disrupt formation of the 40S-TC complex ( Fig. 4c and Supplementary Fig. 4 ). Collectively, these data suggest that Reaper does not inhibit translation at the stage of 43S complex formation.
During translation initiation of capped mRNAs, the formation of the 43S complex is followed by its association with the eIF4F-mRNA to form a 48S complex 5 . To determine whether 48S complex formation was compromised by Reaper, we again resolved translating RRL by sucrose-gradient sedimentation. Addition of Reaper to translating RRL led to an accumulation of 80S monosomes, as mentioned above. Addition of Reaper to translating RRL also led to an increase in the number of polysome-associated 48S complexes, visualized as polysome 'half-mers' 33 ( Fig. 3b and Supplementary Fig. 2 ). The presence of these 48S half-mers suggests that Reaper allowed the formation of some 48S complexes and, in these cases, stalled initiation before 60S binding. Moreover, cap-binding studies showed that Reaper did not prevent the association of eIF4G and eIF4E factors with the cap structure (Fig. 4d,e) . Together, our data demonstrate that Reaper exerts its effect downstream of 43S binding to the mRNA but, as
shown by the accumulation of half-mers, upstream of 60S subunit joining and translation elongation.
Inefficient AUG recognition by Reaper-induced 48S half-mers Three general models could potentially explain Reaper-induced accumulation of 48S half-mers, which contain nontranslating 40S subunits that have not bound 60S subunits and entered the elongation cycle: (i) inefficient scanning, (ii) inefficient recognition of the start codon or (iii) inefficient ribosomal subunit joining after startcodon recognition.
To differentiate between the three possibilities for the observed halfmers, we performed toeprinting analyses on GLA, a cap-dependent mRNA. GLA is a monocistronic mRNA consisting of the globin 5¢ untranslated region (UTR) and a luciferase open reading frame, followed by a spacer and a poly(A) tail. Toeprinting allows the positions of stalled ribosomes on the mRNA chain to be identified 34, 35 . We hypothesized that prevention of scanning would lead to an accumulation of 48S complexes in the 5¢ UTR, whereas inefficient 80S formation would lead to stalling of the 48S complex at the start codon 35 . By contrast, inefficient recognition of the start codon would not result in an accumulation of ribosomes stalled in the 5¢ UTR or at the start codon.
We used pharmacological agents to provide controls for the different possible scenarios outlined above. AMP-PNP, a nonhydrolyzable analog of ATP, was used to inhibit the ATPase activity of the RNA helicase eIF4A, which is known to promote scanning of the 48S complex 36 . Addition of AMP-PNP to the translation extract resulted in an increase in the number of ribosomal complexes stalled between the cap and the AUG start codon (Fig. 5a) . Addition of GMP-PNP, a nonhydrolyzable analog of GTP that blocks GTP hydrolysis by the eIF2 TC, or addition of cycloheximide, which inhibits the first elongation step, increased the number of ribosomes stalled at the AUG start site, as expected 35 . When inhibitory concentrations of Reaper Figure 4 Reaper does not affect eIF2a phosphorylation or 43S complex formation. (a) Purified 40S subunits and purified eIF3 complex were allowed to interact in the presence or absence of Reaper and resolved on nondenaturing agarose gels. 18S rRNA was visualized by ethidium bromide staining. In the last two lanes (order of addition) Cap were added to translation extracts followed by addition of the GLA mRNA, there was an appreciable increase in ribosomal pausing at the start site or between the cap and the start site (Fig. 5) . This was the case even at concentrations of Reaper at which translation was reduced to less than 10% of the level in the absence of Reaper and at which a dramatic accumulation of 80S monosomes and 48S half-mers was observed ( Fig. 5 and Supplementary Fig. 2 ). Therefore, unlike with GMP-PNP or cycloheximide, which stall substantial numbers of 48S and 80S complexes, respectively, at the AUG start site, 48S complexes observed in the presence of Reaper are not stalled at the AUG start site or in the 5¢ UTR.
As the 48S complexes were not paused at the start site or 5¢ UTR, it is possible that Reaper affected them by promoting scanning past the initiator AUG, perhaps by altering start-site selection or factormediated subunit joining. If these steps were affected by Reaper, one would expect addition of Reaper in the presence of cycloheximide to result in a decreased cycloheximide-induced pausing at the start site, as Reaper would promote scanning before the cycloheximide inhibitory step (first elongation cycle). To test this possibility, toeprints were performed as described earlier, but with simultaneous addition of both cycloheximide and Reaper. Notably, addition of Reaper decreased the pausing induced by cycloheximide (Fig. 5b) , consistent with the possibility that it promotes accumulation of 48S by promoting scanning past the initiator AUG.
To test more directly whether Reaper affected the capacity of the 48S complex to recognize and pause at the correct AUG start site, we performed toeprinting analyses on BUN-S mRNA, a bicistronic mRNA. BUN-S mRNA consists of the Bunyamwera viral mRNA that encodes, in two overlapping reading frames, the nucleocapsid protein and the nonstructural small (NSs) protein 37 .
Notably, at lower Reaper concentrations we observed a titratable increase in Reaper-induced pausing at the second cistron's start site (Fig. 6) . At higher Reaper concentrations, increased pausing was observed for both start sites (data not shown). As no Reaperinduced pausing was observed for the monocistronic GLA mRNA, but pausing was observed at the second start site of the bicistronic BUN-S mRNA even at low Reaper concentrations, it is likely that Reaper's effect on the 48S complex varies depending on the nature of the mRNA, the position of the AUG start site on the mRNA and the Kozak context of the start site. Together, our toeprinting data on both the GLA and the BUN-S mRNA suggest that Reaper's interaction with the 40S subunits affects recognition of the initiator AUG by the 48S complex.
Translation inhibition by Reaper is mRNA-dependent As Reaper inhibits initiation rather than elongation, there is the potential for selective inhibition of translation for particular mRNAs. The toeprinting results described above suggest that Reaper may compromise the ability of the scanning 48S complex to recognize the start codon, and that this capacity is dependent upon the identity of the mRNA. Transcripts driven by certain IRESs do not require scanning, but instead bind the ribosome directly at the start codon 38 . Therefore, it was plausible that translation of certain IRES-driven mRNAs might be inhibited less effectively by Reaper as compared to translation of cap-dependent messages. To test this, we compared the effects of Reaper on GLA and HG (Hsp70 5¢-terminal fragment and b-globin coding sequence, previously described 35 messages with its effect on the cricket paralysis virus (CrPV) IRES. This IRES was chosen because it has been extensively characterized and the mechanism by which it allows cap-independent translation is well understood. The CrPV IRES has a long, highly structured region in its 5¢ UTR, which prevents initiation through a conventional scanning mechanism [39] [40] [41] [42] [43] [44] . Instead, it directly binds and recruits the 40S ribosomal subunit in the absence of any initiation factors and places it in position to initiate translation without ribosomal scanning 7, 39, 40, 43 . Thus, if Reaper affected AUG recognition by the scanning ribosome, we hypothesized that the CrPV IRES might escape inhibition. We observed that at concentrations of Reaper under which cap-dependent translation was almost completely inhibited for GLA and HG, substantial translation could still be observed from a CrPV IRES-driven mRNA (Fig. 7) .
Collectively, these results indicate that direct binding and regulation of ribosome function by Reaper can modulate the protein expression program to allow the preferential expression of certain cap-independent messages while inhibiting general, cap-dependent protein synthesis.
DISCUSSION
Cellular translation is inhibited under many different physiological and pathological circumstances 1 . Typically, this inhibition results from the covalent modification of translation initiation factors 4, 5 . We have found that Reaper regulates translation initiation through a novel mechanism involving direct binding to the eukaryotic small ribosomal subunit (40S). This binding alters the ribosome by promoting the formation of 48S half-mers defective in correct recognition of the initiator AUG.
Reaper's interaction with the 40S ribosomal core could potentially be mediated by direct binding to the 18S rRNA or to one of the tightly associated ribosomal proteins. This binding affected neither translation initiation events leading to formation of 48S complexes nor association of regulatory initiation factors, such as eIF2 and eIF3, with the small ribosomal subunit. Moreover, the presence of half-mers in polysome profiles suggests that Reaperassociated 43S complexes are capable of recognizing and binding the mRNA.
Toeprinting analysis on monocistronic GLA messages and bicistronic BUN-S messages suggests that Reaper affects recognition of the initiator AUG by the half-mer. This could result from Reaper directly altering start-site selection or from Reaper affecting subunit joining. It is unlikely that Reaper directly inhibits subunit association, as Reaper interacted with preformed 80S monosomes without causing subunit dissociation (Fig. 2a,c and Supplementary Figs. 2 and 3) . Reaper also cosedimented with 80S monosomes and polysomes in translating RRL (data not shown). In addition, purified 40S and 60S subunits preincubated with Reaper still formed 80S ribosomes (data not shown). However, Reaper's interaction with the 48S complex might possibly affect the function of a regulatory factor, such as eIF5B, crucial for correct 60S joining and 80S activation, leading to an accumulation of orphaned 48S complexes. Alternatively, Reaper's association with the 48S complex could directly disrupt recognition of the initiator codon by the ribosome, perhaps by sterically hindering their interaction or altering 48S conformation. In both models, as Reaper does not affect the association of rate-limiting eIFs associated with the 48S complex, this mechanism could lead to general translation inhibition through sequestration of stoichiometrically limiting initiation factors associated with the nonproductive, Reaper-bound 48S complex. The scarcity of free initiation factors could then contribute to the pool of inactive 80S monosomes that forms in the presence of Reaper.
Although cap-dependent mRNAs were inhibited effectively by Reaper, a CrPV IRES-driven message was inhibited much less effectively. This IRES directly binds and recruits the 40S subunit in an endindependent manner and without any initiation factors. These data suggest that Reaper's interaction with the 48S complex can disrupt translation in an mRNA-dependent manner. Notably, not all IRES elements were resistant to Reaper-mediated inhibition: we observed that the EMCV IRES was susceptible to inhibition by Reaper (data not shown). These data are consistent with our toeprinting data, which showed that Reaper's 48S association differentially affected its capacity to pause at a given AUG depending on the identity of the mRNA, the position and context of the AUG and the concentration of Reaper used (Figs. 5 and 6) . Together, the IRES expression and toeprinting data suggest that Reaper's interaction with the 48S complex can disrupt its function in an mRNA-dependent manner.
The fact that CrPV IRES-mediated translation was not affected (particularly at lower Reaper concentrations) suggests that Reaperbound 40S subunits can still form functional 80S complexes and sustain protein synthesis, given the proper context. Our observations raise the intriguing possibility that Reaper may promote differential regulation of mRNA expression. The fact that certain endindependent mRNAs are less sensitive to Reaper's inhibition allows for scenarios in which specific cellular mRNAs could be expressed even in the presence of Reaper. It is plausible that Reaper allows the selective translation of novel open reading frames to augment the apoptotic program. Several apoptotic regulators, including Reaper, have been shown to be translated from IRES elements [45] [46] [47] [48] [49] , raising the possibility that their translation may be maintained even when cap-dependent translation is impaired.
Notably, Drosophila Grim, another regulator of apoptosis with sequence similarity to Reaper, has also been shown to inhibit translation and induce cell death 27 . Furthermore, a human apoptotic inducer related in function to Reaper, Smac (also called Diablo), was recently shown to globally inhibit protein expression 50 . This activity could be linked with the ability of Smac to sensitize cells to apoptosis and inhibit clonogenic tumor growth. Apoptotic regulators such as Grim and Smac, like Reaper, could potentially alter the protein expression program to allow for rapid responses to changing physiological Reaper (µM) Translation activity (arbitrary units) 15 20
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CrPV IRES mRNA Figure 7 Reaper induces differential inhibition of translation in an mRNAdependent manner. RRLs were supplemented with saturating levels of either GLA mRNA, HG mRNA or CrPV-EGFP mRNA. In vitro ranslation in the absence or presence of Reaper at the indicated concentrations was performed and quantitated as described in Methods. All reactions were carried out in triplicate. The degree of inhibition by Reaper at a given concentration is dependent on the identity of the mRNA, with CrPV-IRES being expressed at Reaper concentrations that completely inhibit expression of cap-dependent GLA and HG mRNAs.
conditions and the coordinated expression of regulatory mRNAs in the determination of cell fate. Originally, our identification of Reaper as a regulator of translation was aided by the fact that Reaper bears marked sequence homology to a group of translational inhibitory proteins found in the Bunyamwera genus of Bunyaviruses 25 . Bunyaviruses cause encephalitis and hemorrhagic fevers in humans and are the major cause of pediatric encephalitis in North America 51, 52 . We have found that NSs protein from San Angelo virus binds the ribosome and promotes the accumulation of half-mers detectable on sucrose gradients (data not shown and Supplementary Fig. 2 ). These observations strengthen the notion that the Reaper-NSs sequence homology reflects a shared mechanism of translational inhibition in addition to their similarities in promotion of apoptosis 25 . Our observations also suggest an intriguing context in which altered start site selection might be crucial. The NSs protein is present in the viral genome as a second open reading frame embedded within a larger reading frame. Therefore, it is plausible that NSs synthesis, initially low early in viral infection, is upregulated later in infection by the ability of the initially synthesized NSs protein to facilitate bypass of the first AUG codon in favor of its own, internally located AUG 53 . Similar regulatory loops have been observed in prokaryotes, where bacterial IF3, which initiates from a non-AUG codon, alters its own translation by affecting the fidelity of initiation codon selection 54 . Alterations in start codon selection could also be used in eukaryotes for proper temporal coordination of the expression of viral proteins or, in the case of Reaper, for alterations in the gene expression program for determining cell fate.
METHODS
Affinity depletion and biochemical fractionation. Rabbit reticulocyte lysates with endogenous mRNAs (from here on referred to as 'untreated RRL') were generated as previously described 29 . Before use, lysates were supplemented with translation mix (final concentrations: 10 mM creatine phosphate, 50 mg ml -1 creatine phosphokinase, 2 mM DTT, 50 mg ml -1 calf liver tRNA, 86 mM potassium acetate, 0.6 mM magnesium acetate and 40 mM hemin).
The Reaper fragment was generated as a biotin-tagged synthetic peptide by B. Kaplan (City of Hope, Beckman Research Institute). Full-length Reaper and Reaper 2-16 peptides were also generated by B. Kaplan. The NSs 40-88 peptide fragment was generated by Anaspec. For affinity depletions, biotinylated Reaper peptide was resuspended in DMSO at 25 mg ml -1 , and 4 ml of peptide was added to 200 ml of streptavidin sepharose beads (Amersham Pharmacia), allowed to incubate for 1 h and washed extensively (five times) with 1 ml of PBS buffer. For affinity depletions, 25 ml of packed beads were incubated with 50 ml of untreated RRL extract for 1 h at 4 1C, then removed by centrifugation. Biochemical fractionations of fresh, untreated RRL were conducted as previously described 28, 29 . The biochemical fractions were then tested for their capacity to recover the affinity-depleted activity by adding 30% of any given fractionation to the indicated affinity-depleted RRL (that is, 30% of total final volume of the RRL reaction). Translation of RRL endogenous mRNAs was assayed by radiolabeling of all newly synthesized proteins with addition of 1 mCi ml -1 of Redivue L-[ 35 S]methionine (Amersham Pharmacia Biotech) and 0.02 mM of amino acid mixture minus methionine (Promega). Protein synthesis was performed for 25 min at 30 1C and assayed by trichloroacetic acid precipitation, and radioactivity was measured with a scintillation counter. Protein-bound beads were also resolved by SDS-PAGE and silver-stained to visualize Reaper-interacting proteins in the RRL. The silver-stained bands were then analyzed by MALDI at the Duke University Proteomic Facility.
Ribosomal pull-downs. Reaper-bound streptavidin sepharose beads were incubated in untreated RRL or Drosophila embryonic extract as described above. Bound material was stringently washed with high-salt buffer (10 mM HEPES (pH 7.4), 500 mM KCl, 2.5 mM MgCl 2 , 1 mM DTT). Bound material was phenol-chloroform extracted and resolved by agarose gel to analyze rRNA binding. For the S6 immunoblot, bound material was boiled and resolved by SDS-PAGE, and S6 was visualized by immunoblot using an antibody to S6 (Cell Signaling Technologies).
Purification of 40S and 60S subunits and Reaper binding assays. 40S and 60S ribosomal subunits were purified from HeLa cells by high-salt sucrose-gradient centrifugation as previously described 30 . Purified subunits were added to a final concentration of 1 mM and allowed to interact with 3 mM of Reaper peptide for 20 min at 37 1C, then incubated with streptavidin sepharose beads. Bound material was stringently washed in high-salt buffer (20 mM HEPES (pH 7.5), 6 mM magnesium acetate, 500 mM KCl, 2 mM DTT) or low-salt buffer (20 mM HEPES (pH 7.5), 100 mM KCl, 2.5 mM MgCl 2 , 2 mM DTT), phenolchloroform extracted, resolved by agarose gel and visualized with ethidium bromide staining.
Sucrose-gradient polysome profiles. Open-top wetable centrifuge polyclear tubes (Seton Scientific) were placed on a sucrose-gradient maker. Molecular biology-grade sucrose (Sigma) was used to generate 40% and 15% (w/v) sucrose solutions, which were used in the sucrose-gradient maker to pour 5-ml sucrose gradients (for high-salt sucrose gradients, solutions were made to a final concentration of 0.5 M KCl). Gradients were allowed to settle at 4 1C for 30 min. 100 ml of untreated reticulocyte lysate was supplemented with hemin, translation mix (as described above) and 0.02 mM of amino acid mixture (Promega) in the presence or absence of Reaper (at indicated concentrations), allowed to translate at 30 1C for 25 min and then gently poured at the top of the gradient. Gradients were then spun in a Sorval 60 A11-650 swinging bucket at 45,000 r.p.m. for 1.25 h (or 3 h for higher-resolution gradients). Gradient fractions were then read in a spectrophotometer at absorbance of 260 nm. For analysis of eIF2a, fractions were collected, methanol-precipitated and resolved by SDS-PAGE, and eIF2 was visualized by immunoblot using an antibody to eIF2a (Cell Signaling Technologies).
eIF3-40S complex formation in the presence of Reaper. eIF3 was purified from HeLa cell extracts as previously described 40 , added at 1 mM final concentration and allowed to interact with 1 mM of 40S subunit for 10 min at 37 1C in the presence or absence of saturating amounts (3 mM) of Reaper (also incubated for 10 min at 37 1C). The complex was resolved by sucrosegradient centrifugation and fractions were collected, methanol-precipitated, resolved by SDS-PAGE and immunoblotted against eIF3 (antibody kindly provided by C. Fraser, University of California at Berkeley). The order-ofaddition experiments were carried out as described above, but either Reaper or eIF3 was allowed to interact for 10 min at 37 1C before the other component was added and incubated for an additional 10 minutes at 37 1C (as indicated by numbering in Figure 4a ). The complex was also resolved in nondenaturing agarose gels (1% agarose gels in THEM buffer, as previously described 36 ) and the 18S rRNA was visualized by ethidium bromide staining.
PAGE and immunoblots.
To determine the phosphorylation status of eIF2a, samples of untreated RRL without hemin or with hemin and Reaper peptide fragments were supplemented with translation mix (as described above) and 0.02 mM of amino acid mixture (Promega), allowed to translate for 20 min at 30 1C and then resuspended in VSIEF buffer (9.5 M urea, 5% CHAPS, 50 mM sodium fluoride, 5% b-mercaptoethanol). The samples were then subjected to isoelectric focusing on vertical isoelectric focusing gels. eIF2a was visualized by immunoblotting using an antibody to eIF2a (Cell Signaling Technologies). To determine whether Reaper affected eIF2a phosphorylation in Drosophila S2 cells, 5 Â 10 5 S2 cells were transfected with 7 mg of either control pMT-GFP vector (expressing green fluorescent protein (GFP)) or pMT-RPR-GFP (expressing Rpr-GFP) using Cellfectin reagent (Invitrogen). To prevent apoptosis, Schneider's Drosophila cell media (Gibco) was supplemented with 50 mM zVAD-fmk (BioMol). Cells were then supplemented with 500 mM of copper sulfate (to induce protein expression off the transfected constructs) and harvested after 12 h. Next, S2 cells were sorted for GFP fluorescence using a BD FacsVantage SE cell sorter. GFP-positive cells were then lysed in hypotonic solution (20 mM HEPES-KOH, (pH 7.5), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 1 mM DTT) for 10 min and passed through a 27-gauge needle with 25 passes. Cell material was then resolved by SDS-PAGE and immunoblotted for eIF2a or phospho-eIF2a, as well as for actin to control for protein loading levels (Cell Signaling Technologies). To determine whether Reaper affected eIF4E and eIF4G association with the cap structure, untreated RRL with hemin were supplemented with translation mix (as described above), 0.02 mM of amino acid mixture (Promega) and, where indicated, Reaper to a final concentration of 40 mM. Extracts were incubated for 10 min at 30 1C, supplemented with 20 ml of 7-methylGpppG resin (Amersham-Pharmacia) and incubated for an additional 10 min at 30 1C. Bead-bound material was collected by centrifugation, washed at least three times in buffer (10 mM HEPES (pH 7.7), 50 mM KCl, 2.5 mM MgCl 2 , 1 mM DTT), resolved by PAGE and immunoblotted using an antibody to eIF4E (Cell Signaling Technologies) or eIF4G (kindly provided by R. Rhodes, Louisiana State University).
In vitro translation. In vitro translation was performed in Flexi RRL (Promega) supplemented with all amino acids except methionine (20 mM) and with radiolabeled methionine (20 mCi), creatine phosphate, KCl or potassium acetate to 87.5 mM, RNase inhibitor (40 u) and Reaper (5-20 mM). mRNA was added to saturating levels (10 mg ml -1 for GLA, 40 mg ml -1 for CrPVenhanced GFP and 30 mg ml -1 for HG). Reactions were allowed to proceed at 30 1C for 60 min before being stopped on ice. All reactions were carried out in triplicate. Translation was quantified by using nitrocellulose filter binding followed by scintillation counting of incorporated [ 35 S]methionine. Scintillation counts corresponded to production of full-length protein, as confirmed by autoradiographs of SDS PAGE gels of the translation reactions (data not shown). To plot the data, translational activity was normalized to the activity in the absence of Reaper (0 mM Reaper) for each mRNA after it was averaged (this allowed calculation of standard deviation for '0 mM Reaper'). Expression levels of mRNAs were compared and normalized only to their own expression prior to addition of Reaper (0 mM Reaper); they were not compared or normalized to one another, to avoid apparent and artificial increases owing to differences among the expression levels of the mRNA classes. This allowed us to illustrate the titratable effect of Reaper on the expression of each mRNA class.
GLA and BUN-S toeprinting. For each set of reactions, an RRL mix was made up containing the following per reaction: 11.55 ml Flexi RRL (Promega), 0.35 ml RNasin RNase inhibitor (Promega), 0.578 ml complete amino acid mix (Promega), 0.49 ml 1.25 M KCl and 0.035 ml 1 M DTT. To this mix was added 2 ml buffer RB (10 mM HEPES (pH 7.5), 50 mM KCl, 2 mM DTT) or 2 ml of Reaper in buffer RB at ten times the desired final concentration, and, where indicated, 2 ml of either 4 mM GMP-PNP or 10 g l -1 cycloheximide. The reactions were made up to a total of 17 ml with water and incubated at 30 1C for 5 min. Next, 3 ml of GLA or BUN-S mRNA at 67 mg ml -1 was added and the reactions were incubated for an additional 15 min at 30 1C. RT mix (3 ml) was added, which contained 1.84 ml of RT elongation mix (10 mM Tris (pH 8.3), 50 mM MgCl 2 , 10 mM each dNTP, 74.3 mM KCl, 2 mM DTT), 0.16 ml of 20 U ml -1 AMV reverse transcriptase and 1 ml of the 33 P-labeled primer at 3.2 mM. The reactions were incubated for 15 min and then placed on ice. The elongated primers were resolved on a 10% sequencing gel and the bands visualized by autoradiography, scanned in a Storm PhosphorImager scanner (Molecular Dynamics) and quantified using ImageQuant.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
